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ax-Adrenoceptor action on cell proliferation and
mammary tumour growth in mice

A Bruzzone, C Pérez Pinero, LF Castillo, MG Sarappa, P Rojas, C Lanari and IA Liithy

Hormones and Cancer Laboratory, Instituto de Biologia y Medicina Experimental CONICET, Buenos Aires, Argentina

Background and purpose: Breast cancer, the most common cancer in women in most countries, is a highly stressful disease.
Catecholamines released during stress bind to adrenoceptors and we have recently described o,-adrenoceptors in human
breast cell lines, linked to enhanced cell proliferation. The purpose was to assess the in vivo effects of compounds acting on
az-adrenoceptors in a reliable model of breast cancer.

Experimental approach: The expression of a,-adrenoceptors was confirmed by immunocytochemistry, immunofluorescence
and reverse transcription-PCR in the mouse mammary tumour cell line MC4-L5. Proliferation was assessed by [*H]thymidine
incorporation and tumours were measured daily. Apoptosis was assessed by terminal deoxynucleotidyl transferase-mediated
dUTP digoxigenin nick-end labelling.

Key results: Incubation for 2 days with a,-adrenoceptor agonists (clonidine and dexmedetomidine) significantly enhanced
proliferation of the mouse mammary tumour cell line MC4-L5. These agonists also significantly stimulated tumour growth of
the progestin-dependent tumour C4-HD even in the presence of medroxyprogesterone acetate (MPA). In every tumour tested
(C4-HD, CC4-2-HD and CC4-3-HI), regardless of MPA sensitivity, clonidine significantly enhanced tumour growth in the
absence of MPA. The a,-adrenoceptor antagonists, yohimbine and rauwolscine, completely reversed the effects of clonidine.
However, the group receiving yohimbine alone showed a nonsignificant but constant increase in tumour growth, whereas
rauwolscine alone diminished tumour growth significantly, behaving as a reverse agonist. In CC4-3-HI tumours, rauwolscine
treatment enhanced apoptosis and diminished the mitotic index, whereas clonidine had the inverse effect.

Conclusions and implications: a,-Adrenoceptor agonists enhanced tumour growth and rauwolscine behaved in vivo as a

reverse agonist, suggesting that it may be tested for adjuvant treatment.
British Journal of Pharmacology (2008) 155, 494-504; doi:10.1038/bjp.2008.278; published online 7 July 2008

Keywords: mammary tumour; clonidine; rauwolscine; yohimbine; mouse

Abbreviations: DMEM:F12, Dulbecco’s modified Eagle’s medium:Ham’s F12 medium; FCS, foetal calf serum; MPA,
medroxyprogesterone acetate; PBS, phosphate-buffered saline; RT, reverse transcription

Introduction

Breast cancer, the most common cancer among women in
the majority of countries (Parkin, 2004), is among the most
stressful of diseases, the threat being particularly serious for
women with family histories of the disease (James et al.,
2004). The principal effectors of the stress system include,
among others, the catecholamines adrenaline and noradre-
naline (Charmandari et al., 2005). The catecholamines bind
to adrenoceptors, which may be divided into three types o4,
ap and B, and each of these types is composed of three
receptor subtypes (Philipp and Hein, 2004; Knaus et al.,
2007). Our group has recently described a,-adrenoceptors in
different human tumour and non-tumour breast cell lines by
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reverse transcription (RT)-PCR, immunocytochemistry and
binding assays. Moreover, the stimulation by o,-adrenocep-
tor agonists was associated with an increase in [*H]thymi-
dine incorporation into these cells (Vazquez et al., 2006).
An experimental model in which ductal, progestin-
dependent, metastatic mammary carcinomas were induced
by the continuous administration of medroxyprogesterone
acetate (MPA) has been developed in Balb/c mice (Lanari
et al., 1986). These tumours express high levels of oestrogen
and progestin receptors and are maintained through serial
syngeneic passages in MPA-treated mice (Lanari ef al., 1986,
1989). Several cell lines were obtained from these tumours
(Lanari et al., 2001). One of these cell lines was chosen as an
in vitro model for murine mammary tumours. MC4-LS is an
epithelial cell line which, although expressing oestrogen and
progesterone receptors, does not respond in vitro to these
hormones (Lanari et al, 2001). By transplantation to
untreated mice, progestin-independent tumour lines that



retain the expression of oestrogen and progestin receptors
have been generated (Lanari and Molinolo, 2002).

The aim of the present study was to assess whether the
mitogenic action observed in vitro for ap-adrenoceptor
agonists in human breast cancer cell lines is reflected in
tumour growth and whether any antagonist is able to inhibit
tumour growth, which could allow the possibility of
therapeutic intervention with this type of compound.

Materials and methods

Animals

Animal care and manipulation were in agreement with
institutional guidelines and the Guide for the Care and Use
of Laboratory Animals (Institute of Laboratory Animal
Resources Commission on Life Sciences and National
Research Council, 1996). Balb/c female virgin mice (2 month
old) were used. The animals were fed ad libitum and kept in
air-conditioned rooms at 20+2°C with a 12h light-dark
period.

Tumours

MPA-induced mammary ductal carcinomas maintained by
in vivo syngeneic transplantation were used in all the
experiments (Lanari ef al.,, 1989). The tumours analysed
were C4-HD, CC4-2-HD (progestin dependent) and CC4-3-
HI (progestin sensitive but not dependent). Fragments of
each tumour were transplanted subcutaneously. The C4-HD
tumour and, when stated, also the CC4-2-HD tumour were
transplanted simultaneously with MPA (20mg depot s.c.)
(Gador Laboratories, Buenos Aires, Argentina) in the
contralateral flank. Tumour growth was monitored every
day. The two major diameters were measured with a
calliper and the volume was calculated with the
formula 4 x 37! x & x minor radius® x major radius (Wendel
et al., 1996).

Treatments

At 1 day after transplantation of the tumour, animals
received daily injections of the drugs: clonidine
group (0.1mgkg 'day!), dexmedetomidine group

(0.05 mgkg ' day™!) and yohimbine and rauwolscine groups
(0.5mgkg 'day '). The control group in all cases received
physiological saline.

Cell culture

The MC4-LS cell line was routinely cultured in phenol red-
free (Berthois et al.,, 1986) Dulbecco’s modified Eagle’s
medium (DMEM):Ham'’s F12 medium (F12) (1:1) supplemen-
ted with 10% foetal calf serum (FCS), 2mM glutamine,
100IUmL ™' penicillin, 100ugmL™' streptomycin and
15mwM HEPES. Cells were subcultured once weekly after
trypsinization (0.25% trypsin-0.025% EDTA). The medium
was changed twice weekly (Lanari et al., 2001).
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Primary cultures

Tumours were aseptically removed, minced and washed with
DMEM:F12 medium. The tissue was suspended in 5mL of
enzymic solution (2.5mgmL™! trypsin, 5mgmL~! albumin
and 850UmL™! collagenase type II in phosphate-buffered
saline (PBS)) and incubated at 37°C for 40min, under
continuous stirring. Enzyme action was stopped by adding
DMEM:F12 medium with 5% FCS. Epithelial and fibroblastic
cells were separated as previously described (Lamb et al.,
1999). Briefly, the cell suspension obtained was resuspended
in 25 mL of medium with 10% FCS and allowed to sediment
for 20 min. The sedimented cells correspond to the epithelial-
enriched fraction, which was resuspended again in 25 mL of
medium and allowed to sediment for another 20min. The
upper 15 mL was discarded and this procedure was repeated
more or less 10 times until no fibroblasts were detected in
the supernatant. The cells were plated in culture flasks with
10% FCS medium and allowed to attach for 24h. The
medium was then removed and replaced by fresh medium.
This medium was changed every 2-3 days.

Proliferation assays

Cells were seeded at 7000 cells per well in 96-well plates and
incubated in phenol red-free DMEM:F12 medium supple-
mented with 10% FCS, 2mM glutamine, 100 IU mL™!
penicillin, 100 ugmL~! streptomycin, 250 ngmL~' ampho-
tericin B and 15 mMm HEPES. After 24 and 48 h, the medium
was changed to a similar one but with FCS replaced by 1%
charcoal-stripped FCS. a,-Adrenoceptor agonists/antagonists
were added as well. All solutions of these compounds were
prepared in 10mM ascorbic acid, frozen and diluted
immediately before use. [*H]Thymidine at 0.2uCi per well
was added with the latest change of medium. After 24 h, cells
were harvested in a Nunc Cell Harvester 8, and filters were
counted in a liquid scintillation counter. The cells were
trypsinized prior to harvesting.

Immunocytochemical studies

The cells were cultured in Lab-Tek Chamber Slide System
(Nunc) with 10% FCS in phenol red-free DMEM:F12
medium; 2 days before immunocytochemistry the media
were changed to 1% charcoal-stripped FCS medium. The
cells were fixed in 10% buffered formalin containing 0.2%
Triton X-100 in PBS for 20min at room temperature and
washed three times with PBS for 5 min each. The chambers
were incubated for 20min at room temperature with 3%
H,0, in distilled water to quench endogenous peroxidase
activity, washed extensively with PBS and incubated for
40 min in 2% albumin-PBS. Cells were incubated for 60 min
at 37°C with anti-human a5 (A-271) from Sigma-Aldrich
(St Louis, MO, USA), a5 (H-96) rabbit polyclonal or a,c-RA
(C-20) goat polyclonal antibodies (from Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) diluted 1:100, 1:50 and 1:60,
respectively, in 1% albumin-PBS. These antibodies were
raised against peptides corresponding to amino acids on the
internal carboxy-terminal regions of a,-adrenoceptors. The
chambers were washed with PBS and successively incubated
for 40min at room temperature with the correspond-
ing secondary antibody-peroxidase conjugated (labeled
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streptavidin biotin (LSAB) +system). Primary antibodies
were omitted in controls.

For immunofluorescence, the cells were similarly cultured.
They were treated with 10% FCS and permeated with 0.1%
Triton X-100 in 4% FCS. After overnight incubation at 4 °C
with the antibodies already described at a concentration of
1:50, and several PBS washes, the cells were incubated with
secondary rabbit anti-goat IgG or donkey anti-rabbit IgG in
4% FCS, both conjugated to fluorescein isothiocyanate.
Primary antibodies were omitted in the controls. Nuclei
were stained with 0.1 pgmL~! propidium iodide for 1min,
and the cells were mounted with Vectashield H-1000. The
sections were analysed under a Nikon laser confocal
microscope.

Apoptosis was assessed in CC4-3-HI tumours fixed in 4%
buffered formaldehyde. For apoptosis quantification,
tumour sections were processed for in situ immuno-
histochemical localization of nuclei exhibiting DNA frag-
mentation by terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP digoxigenin nick-end labelling (TUNEL)
technique with use of an apoptosis detection kit (ApopTag
plus peroxidase in situ apoptosis detection kit). The sections
were treated according to the manufacturer’s instructions
and described by Meresman et al. (2000) and Lanari’s group
(Vanzulli et al., 2002). Briefly, the sections were deparaffi-
nized and rehydrated with xylene and ethanol, and the
tissue was pretreated with proteinase K (20ugmL™'). En-
dogenous peroxidase was quenched by coating the samples
with 3% H,O, in PBS. The sections were rinsed with PBS and
then immersed for 60 min in working strength TdT enzyme
at room temperature. This enzyme was diluted as described
by the manufacturer (70% dilution buffer 30% TdT enzyme).
Then the sections were incubated for 30min at room
temperature with the anti-digoxigenin peroxidase conjugate,
followed by the peroxidase substrate (39-diaminobenzidine
tetrahydrochloride). Finally, the sections were counter-
stained with haematoxylin for 10s. As a negative control, a
number of tumour samples were subjected to treatment
without TdT. The numbers of apoptotic cells were deter-
mined by counting labelled cells in x 400 magnification, in
randomly selected fields and expressed as a percentage of
apoptotic cells/total cells counted. Only stained cells dis-
playing morphological features of apoptosis were considered
apoptotic.

The mitotic index was assessed in haematoxylin and eosin-
stained tumour samples also as a percentage of mitotic cells/
total cells counted. Cells displaying mitotic characteristics
were considered mitotic.

RT-PCR

The RT-PCR was performed as described by Cikos et al. (2007)
with modifications. When the cells attained 80% conflu-
ence, they were incubated with a medium without serum for
additional 48 h. They were washed with PBS and total RNA
was extracted by incubation with Tri reagent for Smin at
30°C, according to the manufacturer’s instructions. Chloro-
form (0.2 mL) was added per millilitre of initial extract. These
samples were incubated at 30°C for 3min and centrifuged
again at 10464 g for 15 min at 4°C. The aqueous phase was
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then incubated with cold isopropanol for 10 min at 30°C
and centrifuged again at 10464 g for 10 min. The RNA pellet
was washed with 75% ethanol, centrifuged at 3360g for
Smin, and resuspended in diethylpyrocarbonate-treated
(DEPC) water and the concentration was measured with a
spectrophotometer. The RNA was reverse transcribed at 42 °C
for 15 min in 20 pL containing 200 U of Superscript II reverse
transcriptase, 4 mM oligo-dT18, 50 mM Tris-HCI pH 8.3, 3 mM
MgCl,, 75mM KCl, 10mM dithiothreitol, 500mmMm dNTPs
(dATP, dTTP, dCTP and dGTP), 40U RNase OUT (recombi-
nant RNase inhibitor). The reaction was terminated by
heating at 99 °C for Smin and resting for 5 °C for 5 min.

PCR amplification was carried out in the presence of 30 uM
of each oligonucleotide primer, 50 mM KCl, 10 mM Tris-HCl
pH 8.3, 2mM MgCl,, 0.2mM dNTPs (dATP, dTTP, dCTP and
dGTP) and 0.05UmL™! Tag DNA polymerase. cDNA (5 uL)
was amplified in 20 pL PCR mix.

An initial denaturation step at 95°C for 2min was
followed by 35 cycles at 95°C for 35s, 60°C for 35s and
72 °C for 1 min, followed by a unique incubation at 72 °C for
8 min. To check for the presence of cross-contamination, the
reaction with water instead of cDNA was performed
concurrently (control). Primers for the detection of mouse
ap-adrenoceptors have been described and validated by
Cikos et al. (2007). azpa-Adrenoceptor: 5'-TTCTTTTTCACCTA
CACGCTCA-3' and 5'-TGTAGATAACAGGGTTCAGCGA-3,
which amplifies a sequence of 112bp; ayp-adrenoceptor:
5'-ACCTTCCCTTGCTGACTGTACT-3' and 5-TGGGAGGG
AGGTATTCTAATCA-3', also amplifying a sequence of
112bp and apc-adrenoceptor: 5'-GGCTGTGAACTTAGGG
CTTTAG-3' and 5'-ATAGGAAGTCAGCCCTTGCTC-3’, which
amplifies a sequence of 105bp. For B-actin transcript
detection, B-actin primers (5-GTGGGCCGCTCTAGGCAC
CAA-3' and 5-CTCTTTGATGTCACGCACGATTTC-3'), giving
a 539-bp PCR product, served as a control for RNA integrity
and the RT-PCR process. The PCR products were analysed
using electrophoresis on a 9% polyacrylamide gel stained
with silver nitrate. A 100-bp DNA ladder was used as a
marker to determine the size of the PCR products.

Statistical analysis

Statistical analysis for the effect of agonists/antagonists and
tumour growth was performed by ANOVA followed by
Tukey-Kramer tests. For the apoptotic and mitotic indexes,
values were transformed to logarithms and analysed by
ANOVA followed by Dunnett’s test against the control value
(Dowdy and Wearden, 1983).

Drugs and chemicals

Foetal calf serum, culture media, antibiotics, collagenase,
trypsin, Superscript II reverse transcriptase, RNase OUT
(recombinant RNase inhibitor), Taqg DNA polymerase and
DNA ladder were purchased from Invitrogen Life Technolo-
gies (Carlsbad, CA, USA). Glutamine, clonidine-HC], yohim-
bine-HCl and rauwolscine-HCl were purchased from ICN
Biomedicals Inc. (Costa Mesa, CA, USA). Methyl [3H]thymi-
dine (NET 027E; specific activity: 20Ci mmol’l) was from
Dupont-New England Nuclear (Boston, MA, USA). Liquid



scintillation cocktail was Optiphase ‘Hisafe’ 3 (Wallac, Turku,
Finland). All other reagents, including culture media were
purchased from Sigma-Aldrich. Anti-human oy (H-96)
rabbit and o,c-RA (C-20) goat polyclonal antibodies were
from Santa Cruz Biotechnology, whereas o,s (A-271) was
from Sigma-Aldrich. Secondary antibodies, peroxidase con-
jugates and the catalysed signal amplification system
(LSAB + system) were from Dako Cytomation (Carpinteria,
CA, USA). Vectashield H-1000 was from Vector Laboratories
(Burlingame, CA, USA). ApopTag plus peroxidase in situ
apoptosis detection kit $7101 was from Chemicon Inter-
national (Temecula, CA, USA); proteinase K from Fermentas
Life Science (Burlington, ON, Canada); Tri Reagent from
Molecular Research Center Inc. (Cincinnati, OH, USA).

Drug and receptor nomenclature
Drug and receptor nomenclature conforms to the Guide to
Receptors and Channels (Alexander et al., 2008).

Results

Immunocytochemistry, immunofluorescence and RT-PCR of
ap-adrenoceptor

Previous study from our laboratory (Vazquez et al., 2006)
showed that in cell lines from human breast cancer, a,g- and
apc-adrenoceptors were expressed in the majority of the cell
lines analysed. In the present study, the expression of the
different subtypes of ay-adrenoceptor was assessed by
immunocytochemistry and confocal immunofluorescence
microscopy in a mouse mammary tumour cell line. It may be
concluded that ay-adrenoceptors are expressed by MC4-L5
cells. Although the immunocytochemistry showed that the
apa-adrenoceptors (Figure 1la) and opg-adrenoceptors
(Figure 1b) were localized at the cell membrane, even if the
extensions of the cells are devoid of expression, the more
precise confocal immunofluorescence microscopy (Figures
le and f) showed that the distribution of these receptors was
widely uniform in the cytoplasm and even in the nucleus.
However, no colocalization of propidium iodide and
az-adrenoceptors was evident in any of the micrographs. As
expected, the expression of the a,c-adrenoceptor was spread
throughout the cell, both in the cytoplasm and the plasma
membrane (Figures 1c and g). Figures 1d and h depict the
negative controls. As the specificity of the commercially
available polyclonal antibodies is not perfect to assess the
different oy-adrenoceptor subtypes, their expression was
assessed by semiquantitative RT-PCR. As can be seen in
Figure 1i, all the subtypes were expressed in the cell line,
confirming the results from immunocytochemistry and
immunofluorescence.

Tumour growth experiments

To assess whether the mitogenic effect of ay-adrenoceptor
agonists previously found in human breast cancer cells was
unique to that model, the mouse mammary tumour cell line
MC4-LS was incubated for 2 days in the presence of these
agonists. As can be seen in Figure 2a, both clonidine and
dexmedetomidine significantly enhanced [*H]thymidine
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cence (e-h) and reverse transcription (RT)-PCR (i) of a,-adrenocep-

Immunocytochemistry (a-d), confocal immunofluores-

tors on MC4-L5 cells. Immunocytochemistry and confocal
immunofluorescence were performed as stated in Materials and
methods. Commercial specific polyclonal antibodies against o a-
(a, e), oz~ (b, f) or axc-adrenoceptors (c, g) or controls (d, h) in the
absence of primary antibody. Different controls were performed for
the different secondary antibodies, but only one is shown for
simplicity. For immunocytochemistry, the antibodies were used at
a concentration of 1:100 for a,s, 1:50 for ag and 1:30 for apc-,
whereas for immunofluorescence the concentration was 1:50.
Original magnification was x400. A representative result from
three similar experiments. RT-PCR was performed as stated in
Materials and methods. Silver-stained polyacrylamide electrophor-
esis of PCR products is shown in (i). A representative result from two
similar experiments.

incorporation into these epithelial cells. The ECs, values of
4.4fM for clonidine and 0.263pM for dexmedetomidine
showed the cells to be highly sensitive to these compounds.

The action of these drugs in vivo was then investigated.
For the first experiment, the progestin-dependent C4-HD
tumour was used. As this tumour regresses in the absence of
progestins, a depot preparation of MPA was injected into the
animals. Figure 3a shows a significant stimulation of tumour
growth even in the presence of MPA for both a,-adrenoceptor
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Figure 2 (a) Effect of the o-adrenoceptor agonists clonidine and dexmedetomidine on [*H]thymidine incorporation into the mouse
mammary tumour cells MC4-L5. Proliferation analysis was performed as described in Materials and methods. The cell line MC4-L5 was
incubated with increasing concentrations of clonidine or dexmedetomidine. The value obtained in the absence of agonist was considered
100% for each cell line, expressing the values relative to this. Values are the mean +s.e.mean of 8 wells for treated and 16 for untreated
cultures. *P<0.05, **P<0.01 and ***P<0.001 represent significant differences between groups, as analysed by ANOVA followed by Tukey-
Kramer multiple test; n= 2. (b) Sensitivity of primary cultures from mouse mammary tumours treated in vivo with clonidine, dexmedetomidine
or saline solution (shown in Figure 3) to the agonist clonidine. Tumours from control-, clonidine- or dexmedetomidine-treated animals in
primary culture were incubated with increasing concentrations of clonidine, as detailed in Materials and methods. The value obtained in the
absence of agonist was considered 100% for each cell line, expressing the values relative to this. Values are the mean + s.e.mean of 8 wells for
treated and 16 for untreated cultures. *P<0.05, **P<0.01 and ***P<0.001 represent significant differences between groups, as analysed by

ANOVA followed by Tukey—Kramer multiple test; n= 2.

agonists. As the tumours could have lost sensitivity to the
agonist during treatment, in vitro sensitivity to the
az-adrenoceptor agonist clonidine of the different primary
cultures treated ex vivo with the agonists was studied
(Figure 2b). As can be seen in this figure, the cells obtained
from culturing the tumours of animals with saline treatment
showed an ECso, value of 0.287pM, the culture from
dexmedetomidine-treated tumours showed an ECsy value
of 1.08fM, and the ECsqy value of tumours from animals
treated with clonidine was 1.02nM. These results suggest
that although there is an ex vivo regulation of receptor
concentration, the tumours after 25 days of treatment
continue to respond to the agonists.

As the main objective of the present study was to
investigate the possibility of using an a,-adrenoceptor
antagonist as adjuvant therapy for cancer, two different
known antagonists were assessed in vivo. As shown in
Figure 3b, yohimbine was able to reverse the significant
increase in tumour growth caused by the agonist. However,
when yohimbine was given alone, a nonsignificant, but
noticeable, increase in this parameter was observed. In
Figure 3c, the effect of another antagonist was tested.
Rauwolscine not only reversed the agonist effect but also
diminished tumour growth in the absence of clonidine,
behaving as an inverse agonist.

Then, another type of tumour, a slightly less progestin-
dependent tumour (CC4-2-HD) was used. Figure 4a depicts
the action of clonidine in the presence of MPA. As shown in
this figure, in this tumour, the administration of clonidine
had no effect in the presence of the progestin. However, we
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then injected the tumour fragments without the addition
of MPA, which might interact with the adrenoceptor
agonists/antagonists. The growth curves obtained with this
tumour in the absence of MPA show an initial peak of growth
followed by a decrease in tumour volume up to a few
cells that are not detectable by palpation. However, daily
administration of the aj-adrenoceptor agonist clonidine
significantly enhanced tumour growth during the peak in
which growth is observed. Although the simultaneous
injection of the ay-adrenoceptor antagonist yohimbine
completely reversed the effect of the agonist (Figure 4b),
the group receiving the antagonist alone showed a non-
significant but noticeable increase in tumour growth. Again,
when rauwolscine was tested (Figure 4c), this compound
was able to completely reverse the agonist’s effect, but
when given alone a significant inhibition of tumour growth
was observed.

The next step in this investigation was the study of the
effect of these antagonists on a progestin-independent
tumour (CC4-3-HI), in the absence of MPA. As can be
observed in Figure 5a, the administration of clonidine to
these animals caused a significant enhancement in tumour
growth during all the experiment, whereas the simultaneous
administration of the antagonist yohimbine reversed the
effect. However, again, yohimbine stimulated tumour
growth, although this enhancement was significant only at
day 20, the pattern was found throughout the experiment.
This tumour growth precludes the utilization of this antago-
nist as adjuvant therapy. When the effect of rauwolscine was
analysed (Figure Sb), this compound completely reversed the
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Figure 3 Effect of different treatments on mouse mammary tumour C4-HD volume. (a) Effect of the a,-adrenoceptor agonists clonidine and
dexmedetomidine. (b) Effect of the agonist clonidine and the antagonist yohimbine and the combination of both. (c) Effect of the agonist
clonidine and the antagonist rauwolscine and the combination of both. The tumours were inoculated and measured as detailed in Materials
and methods. (a) The animals received medroxyprogesterone acetate (MPA) depot and a daily injection of clonidine (0.1 mgkg™),
dexmedetomidine (0.05mg kgq) or vehicle (saline solution). The animals in (b) were inoculated daily with clonidine (0.1 mg kgq),
yohimbine (0.5mgkg™"), both of them simultaneously or vehicle alone (saline solution). The animals in (c) were inoculated daily with
clonidine (0.1 mgkg™"), rauwolscine (0.5mgkg™"), both of them simultaneously or vehicle alone (saline solution). The points are the
mean + s.e.mean. The significantly different values (as analysed by ANOVA followed by Tukey—Kramer multiple test) are marked in the graph
(for clonidine, *P<0.05 and **P<0.01 with respect to control, for rauwolscine, *P<0.05 with respect to control). The experiment was

performed twice with similar results.

agonist’s effect. Moreover, the administration of the
antagonist alone significantly diminished tumour growth
throughout the time tested. This antagonist behaved as a
reverse agonist in every tumour tested, making it a suitable
candidate compound for adjuvant therapy.

To investigate the mechanism of action of clonidine and
rauwolscine in tumour growth, CC4-3-HI tumours were
analysed by TUNEL to quantify the percentage of apoptotic
cells. Figure 6 depicts a complete field for tumours from control
(panel a), clonidine- (panel b) and rauwolscine-treated (panel c)
animals and analysed by TUNEL, as well as the negative control
(panel d). Table 1 shows the quantification of stained cells
showing morphological features of apoptosis. As can be seen in

Table 1, clonidine caused a marked though not significant inhi-
bition in apoptosis index, whereas rauwolscine alone caused
a nonsignificant but noticeable increase in this parameter.
On the other hand, the assessment of mitotic index showed
a parallel highly significant enhancement of this parameter
in the tumours from clonidine-treated animals (panel e) and
a significant decrease in tumours from animals treated with
rauwolscine alone (panel f) with respect to control animals
(panel g). These results suggest that the agonist (clonidine)
exerts its enhancement on tumour growth by enhancing
cell proliferation and lowering cell apoptosis, whereas the
inverse agonist rauwolscine exerts its protective action both
by enhancing apoptosis and reducing cell proliferation.

British Journal of Pharmacology (2008) 155 494-504



a,-Adrenoceptor action on mammary tumours

500 A Bruzzone et al
a CC4-2-HD
1000 -
O MPA
ag 800 A Clonidine + MPA
£ m Control
o o Clonidine
£ 600 ¥ Yohimbine
% ¢ Clo +Yoh
>
o 400 -
£
=]
200
0 —
0 10 20 30 40
Days
b CC4-2-HD c CC4-2-HD
400 1 = Control o m Control
e Clonidine 100 e Clonidine
A Yohimbine A Rauwolscine
& 300 « ¢ Clo+Yoh ;.,g 80 - + Clo +Rau
£ E
; g 60 -
£
5 200 - 3
o >
> ~
5 g 40
£ =
2 100 - =
20  §
0 0 T T T 1
0 4 8 12 16 20 24 0 10 20 30

Days

Days

Figure 4 Effect of different treatments on mouse mammary tumour CC4-2-HD volume. Tumours were inoculated and measured as detailed
in Materials and methods. Animals were injected daily with clonidine (0.1 mgkg™"), yohimbine (0.5 mgkg™"), both of them simultaneously or
vehicle (saline solution) in (a, b) or clonidine (0.1 mgkg™"), rauwolscine (0.5 mgkg~"), both of them simultaneously or vehicle (saline solution)
in (c). A pellet of MPA (depot preparation) was given to two groups in (a). Points represent the mean +s.e.mean. The significantly different
points (as analysed by ANOVA followed by Tukey—Kramer muItigIe test) are marked in the graph (for clonidine, *P<0.05 and **P<0.01 with
respect to control, for yohimbine or rauwolscine, *P<0.05, **P<0.01 and **#P<0.001 with respect to control). The experiment was

performed twice with similar results.

Discussion and conclusions

Immunocytochemistry, immunofluorescence and RT-PCR of
a-adrenoceptors

The first step in the investigation of the a,-adrenoceptor effect
was to assess whether oy-adrenoceptors were effectively
expressed in this model. The immunocytochemistry and
immunofluorescence can give a preliminary indication
whether the receptors are expressed. These studies indicated
that a-adrenoceptors were expressed in the mouse mammary
MC4-LS cell line. oy-Adrenoceptor subtypes have been des-
cribed to differ in their trafficking itineraries in cells, with
apa- and opp-adrenoceptors mainly targeted to the plasma
membrane and opc-adrenoceptors primarily localized in an
intracellular membrane compartment, from where they can
translocate to the cell surface (Philipp et al., 2002). In the
present study, the opa- and app-adrenoceptors were found in
the cell membrane and throughout the cytoplasm, whereas the
azc-adrenoceptors were extensively distributed throughout the
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cytoplasm. However, the G-protein-coupled receptors are
synthesized in the endoplasmic reticulum, transported to the
Golgi apparatus for post-translational modification (for exam-
ple, glycosylation), and then moved on to their functional
destinations in the plasma membrane (Zhou et al., 2006). If
there is some kind of cross-reaction between receptor subtypes
it would seem that the a,c-adrenoceptor antibody does not
cross-react significantly with the other subtypes, because its
cellular location is different as assessed by confocal immuno-
fluorescence. As the antibody subtype specificity is not absolute
for those receptors, op-adrenoceptor expression was confirmed
by RT-PCR. This technique gave identical indication of
expression of all three subtypes of receptor, although the o;4-
subtype seems to have a higher expression in this semiquanti-
tative measurement.

Tumour growth experiments
The effect of two different o,-adrenoceptor agonists was
assessed in this cell line to analyse whether the effect
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Figure 5 Effect of the ay-adrenoceptor agonist clonidine and the o,-adrenoceptor antagonist yohimbine (a) or rauwolscine (b) on mouse
mammary CC4-3-HI tumour volume. Tumours were inoculated and measured as detailed in Materials and methods. Animals were injected
daily with (a) clonidine (0.1 mgkg™"), yohimbine (0.5mgkg™"), both of them simultaneously or vehicle (saline solution); (b) clonidine
(0.1mg kg”), rauwolscine (0.5mg kg‘1), both of them simultaneously or vehicle (saline solution). Points represent the mean * s.e.mean. The
significantly different points (as analysed by ANOVA followed by Tukey—Kramer multiple test) are marked in the graph (for clonidine, *P<0.05,

**P<0.01 and ***P<0.001 with respect to control, for yohimbine or rauwolscine, *P<0.05, **P<0.01 and *

control). The experiment was performed twice with similar results.

previously found in human tumour and non-tumour breast
cell lines (Vazquez et al., 2006) was a special feature of these
cells or was a more general action. The a,-adrenoceptor
agonists clonidine and dexmedetomidine significantly sti-
mulated [*H]thymidine incorporation into MC4-L5 cell
nuclei. These cells exhibit high sensitivity to these com-
pounds, similar to the one described previously for human
cells. It should be noticed that these experiments were
performed with specific agonists. With the natural adrena-
line and noradrenaline, human cell lines were less sensitive
(Vazquez et al., 1999). In this investigation, the natural
compounds were not tested because of their binding to
B-adrenoceptors. The expression of these receptors has been
described both in human and rat mammary tumours
(Marchetti et al.,, 1990; Vandewalle et al., 1990; Badino
et al., 1996; Slotkin et al., 2000). The cell proliferation
induced by the oy-adrenoceptor agonists could be related
to the results recently reported for a putative pathway by
which ap-adrenoceptors activate MAPK and Akt in PC12
cells (Karkoulias et al., 2006). Moreover, in these cells, the
ap-adrenoceptor subtypes cause phosphorylation and activa-
tion of CREB through a pathway involving stimulation of PLC,
AA release, generation of epoxygenase derivative and increase
of PKA activity (Karkoulias et al., 2007). aza-Adrenoreceptors
activate ERK and Akt in intestinal cells by a common pathway
that depends on PI3 kinase activation and results from EGF
receptor transactivation (Buffin-Meyer et al., 2007).
MPA-induced tumours were chosen as experimental model
because they allow the evaluation of in vivo actions of the
az-adrenoceptors on tumour growth. The C4-HDs are MPA-
dependent tumours, which produced the cell line previously
used and they regress in the absence of progestins. When the
C4-HD tumour growth was analysed with daily injections of

#P<0.001 with respect to

the agonists in the presence of MPA depot, a significant
enhancement of this parameter was found throughout the
experiment, paralleling the in vitro effect. The sensitivity to
the agonist clonidine was evaluated in primary culture of
tumours from animals receiving different treatments to
assess whether the tumours remained sensitive after the
treatment. The different groups showed diverse ECso show-
ing an ex vivo regulation of sensitivity, but remaining
responsive to the agonist.

Since the 1980s, clonidine has been used as an adjuvant to
local anaesthetics in various regional techniques to extend
the duration of the block (Duma et al., 2005). It has been
suggested as an alternative to hormone replacement therapy
in the treatment of hot flushes (Angelopoulos et al., 2004).
Following the publication of the Women’s Health Initiative
study (Rossouw et al., 2002), use of clonidine increased
substantially among elderly women, at least in Ontario,
Canada, whereas similar trends were not observed in the use
of other antihypertensive medication (Austin et al., 2004).
Clonidine is also a recommended therapy for the treatment
of attention deficit hyperactive disorder in children (Spiller
et al., 2005). Dexmedetomidine is an a,-adrenoceptor
agonist that, in spite of its potent sedative, amnesic and
analgesic properties, has a minimal respiratory depressant
effect (Ho et al., 2005). Dexmedetomidine is also indicated
for sedation of patients receiving mechanical ventilation in
the intensive care unit. It has additional off-label uses for co-
administration with local, regional and general anaesthesia
(Rich, 2005). Dexmedetomidine has been described to show
subtype specificity for ayg-adrenoceptor internalization
(Olli-Lahdesmaki et al., 2004), but displaying in another
experimental model, a 5- and 11-fold higher affinity for the
aza-adrenoceptor over the opp- and oyc-adrenoceptor
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Figure 6 Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP digoxigenin nick-end labelling (TUNEL) immunohistochemistry for
apoptosis (a—d) and hematoxilin and eosine for mitosis (e-g) of CC4-3-HI tumours from control, clonidine- and rauwolscine-treated mice.
Tumours were inoculated and animals were treated as stated in Materials and methods. Animals were injected daily with clonidine (b, f;
0.1mgkg™"), rauwolscine (c, g; 0.5mgkg™") or vehicle (a, e; saline solution). A negative control in the absence of TdT was included (d). For
mitosis index, haematoxylin and eosin-stained samples were analysed. The red arrows indicate examples of mitosis.

subtypes (Ma et al., 2004). The results shown here, even if
they involve a murine experimental model, draw attention
to the extensive use of these a,-adrenoceptor agonists at least
in breast cancer patients.

The possibility of inhibition of tumour growth by
ap-adrenoceptor antagonist was then tested with three
different tumours: the C4-HD (highly progestin dependent),
CC4-2-HD (less progestin dependent) and the CC4-3-HI
(a progestin-independent tumour). The administration of
clonidine caused a significant enhancement in tumour
growth throughout the experiment in every case. This
enhancement was effectively reversed by the specific o,-
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adrenoceptor antagonist yohimbine. However, in the ab-
sence of an agonist, this antagonist caused a constant
although not significant enhancement in growth. This
enhancement made the use of this compound dangerous
for the possibility of an adjuvant therapy for breast cancer
patients. Another specific antagonist, rauwolscine, was
tested for its action on tumour growth. This antagonist
significantly reversed the effect in every tumour tested.
Moreover, this antagonist, in the absence of an agonist,
significantly reduced tumour growth, behaving as an inverse
agonist. Inverse agonists are thought to reduce the func-
tional activity of the receptors below the baseline activity



Table 1 Mitotic and apoptotic indexes of CC4-3-HI tumours
Treatment Apoptotic index Mitotic index

(mean + s.e.mean) (mean t s.e.mean)
Control 8.67+£1.05 0.934 £0.091
Clonidine 6.84+1.84 2.14£0.192*
Rauwolscine 10.36+1.50 0.650£0.053*
*P<0.05.

**P<0.01 by transformation to logarithms and ANOVA followed by Dunnett’s
test against control values.

Tumours from control, clonidine- and rauwolscine-treated animals were
processed as stated in Materials and methods. The apoptotic index was
expressed as the percentage of stained cells (by terminal deoxynucleotidyl
transferase-mediated dUTP digoxigenin nick-end labelling (TUNEL) with
morphological features for apoptosis with respect to total cells per field.
Mitotic index was expressed likewise in haematoxylin and eosin-stained
samples.

observed in the absence of any ligand (Murrin et al., 2000).
In a model of rat brain tissue sections, rauwolscine was not
found to exert inverse agonist actions (Murrin et al., 2000).
However, in stable Chinese hamster ovary cell lines expres-
sing the porcine aya-adrenoceptor, rauwolscine behaved as
the best inverse agonist (Wade et al., 2001). A similar inverse
agonism was described for this compound in membranes
from PC-12 cells, which stably expressed the cloned oyx-
adrenoceptor (Tian et al., 1994, 2000). However, as a weak
activity of an agonist at the serotonin autoreceptor of the
rabbit brain cortex (Limberger et al., 1986; Molderings et al.,
2006), the interaction of rauwolscine with these receptors or
others cannot be excluded. To our knowledge, this is the first
report of rauwolscine acting as an inverse agonist, in vivo.
To have an indication of the mechanism of action of the
inverse agonist rauwolscine, the CC4-3-HI tumours were
analysed for the apoptotic and mitotic indexes. The last
technique probably underestimates the quantity of cells in
mitosis because only cells with visible chromosomes were
counted. The results shown here indicate that the
ap-adrenoceptor agonist clonidine caused a very significant
increase in cell proliferation while inhibiting apoptosis
(although this effect was not significant), whereas the
inverse agonist rauwolscine acted by significantly inhibiting
cell proliferation and causing a marked although nonsigni-
ficant enhancement of apoptosis. Although other mechan-
isms, such as necrosis, cannot be ruled out with these
experiments, it can be concluded that at least these two
mechanisms act in concert inhibiting tumour growth.
Women who are diagnosed with breast cancer are at high
risk of experiencing significant emotional distress, with a
subgroup manifesting symptoms of anxiety and depression
that meet the criteria for psychiatric disorder for up to
several years after the diagnosis. We have found an increase
in thymidine incorporation by adrenaline and noradrenaline
into MCF-7 breast cancer cells (Vazquez et al., 1999) and by
the specific oy-adrenoceptor agonist clonidine in several
tumour and non-tumour human breast cancer cell lines
(Vazquez et al., 2006). We demonstrate here a significant
enhancement of mouse mammary tumour growth by the
specific az-adrenoceptor agonist clonidine. The possibility of
blocking this aj-adrenoceptor-mediated tumour enhance-
ment by hormones released during stress could be an
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interesting adjuvant therapy for breast cancer patients. The
growth-inhibiting action of the specific a,-adrenoceptor
antagonist rauwolscine in this experimental model makes
it an excellent candidate for adjuvant therapy of this kind.
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